High hydrostatic pressure is a mild technology compared with high temperatures and is commonly used for food pasteurization. Crude brain homogenates of terminally diseased hamsters infected with scrapie 263K strain were heated at 60 6C and/or pressurized up to 1000 MPa for 2 h. Prion proteins were analysed for their proteinase K sensitivity using a Western blot technique. PrP Sc pressurized with 500 MPa or above proved to be proteinase K sensitive. To test the remaining infectivity of the pressurized material, hamsters were infected intracerebrally. Results showed a greatly delayed onset of disease (from 80 up to 153 days) when samples had been pressurized at 500 MPa and above. An increase in the survival rate was also observed: 47 % survival over 180 days was seen following infection with homogenates pressurized at 700-1000 MPa.
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Prion diseases are associated with the accumulation of an isoform of the cellular prion protein, designated PrP Sc , after misfolding in a b-rich aggregated pathogenic multimer, which seems to be the main component of the transmissible form (Prusiner, 1991) . The transmissible agent resists conventional autoclaving (Brown et al., 2000) . Thus, the European Directive of 1996 recommends the use of at least 133 uC for 20 min to achieve effective inactivation during sterilization processes or rendering. Other suitable treatments, such as the combination of alkali and heat, or the use of hypochlorite solutions, although efficient, are aggressive, with a consequent loss of quality or texture in the treated tissues. Therefore, an interest in assessing the effects of unconventional milder technologies on prion stability and infectivity is growing. Milder processes would provide alternative sterilization procedures for at-risk materials and may reduce economic losses in the rendering industry. Here we report the effects of treatment with high hydrostatic pressure at 60 uC on the proteinase K (PK) sensitivity of hamster PrP Sc and the in vivo infectivity of the highpressure-treated samples.
These experiments were performed with a single brain pool of the 263K strain of hamster-adapted scrapie agent. Brains containing PrP
Sc were homogenized in a 1 : 10 dilution of PBS, pH 7?4, in a FastPrep cell disrupter (Qbiogene). Sets of duplicate samples were heated at 60 uC and/or pressurized up to 1000 MPa for 2 h independently. Total volumes of 250 ml of homogenate (10 %, w/v) were pressurized in a hydraulic press, U 101 (Polish Academy of Sciences, Warsaw). U 101 is a manually operated twin-piston hydraulic press (100 mm piston length, 80 mm piston movement). The vessel is a cylinder made of steel, with an inside diameter of 16 mm and 150 mm in height. The piston position is monitored with a linear transformer transducer and the pressure-measuring unit is an in-vessel manganin pressure gauge; both are digitally displayed. The pressure-transmitting medium was a 7 : 3 mixture of petroleum ether (boiling point 80-100 uC) and hydraulic oil (SAE 32). Samples were pressurized in polyethylene caps hermetically closed by heat sealing. The effects of adiabatic heating were minimized by the long pressure rise necessary to achieve the highest pressures (at least 150 s above 700 MPa) and by continuous control of the temperature in the vessel using a thermostat (Polystat) coupled to the cylinder. The effects of pressure are discussed in relation to the pressure intensity, since the holding time was always 2 h. Samples (15 ml) were subsequently digested with PK at 73 mg ml 21 final concentration (Sigma) for 1 h at 37 u C. Triplicates of each sample were examined. Positive controls were samples not treated with PK. After denaturation for 5 min at 95 uC, the samples were separated by electrophoresis through 10 % polyacrylamide gels. Separated proteins were finally electrotransferred to PVDF membranes (0?2 mm pore size; Bio-Rad). Surplus binding sites were blocked by incubating the membranes in 5 % non-fat dry milk and 5 % BSA in PBS with 0?1 % Triton X-100. Membranes were then incubated with the anti-hamster PrP Sc 3F4 monoclonal antibody (Signet Laboratories) diluted 1 : 5000 in blocking solution. After incubation with antibodies, membranes were washed extensively with PBS/0?1 % Triton X-100 and incubated with peroxidase-labelled goat anti-mouse IgG (Oncogene) diluted 1 : 3000 in PBS/0?1 % Triton X-100. After further washing, antibody binding was visualized on a highly sensitive Hyperfilm ECL (Amersham) using the enhanced chemiluminescence detection system.
Infectivity bioassays were performed with the temperature-/ high-pressure-treated materials following an incubation time interval protocol (Prusiner et al., 1982) . After pressurization, 20 ml hamster brain homogenates (10 %, w/v) were intracerebrally inoculated into groups of four or five weanling hamsters. Untreated or heated samples (2 h at 60 uC) of the same brain homogenate were examined as controls. Hamsters were observed for clinical signs of scrapie for a period of 180 days and killed immediately after showing disease symptoms. Brains from killed hamsters were removed and frozen at 270 u C. Subsequently, they were assayed to detect the PK-resistant PrP Sc .
The various treated and untreated brain homogenates were incubated with (+) or without (2) PK and analysed in Western blots. As shown in Fig. 1 , the non-pressure-treated control at 20 u C showed the typical pattern representing the various glycoforms of the b-aggregated prion protein resistant to digestion with PK (20-32 kDa) and the typical band shift after PK treatment. The same characteristic glycoform pattern was also detected in homogenates treated at 60 uC ( Fig. 1) showing the same resistance to digestion with PK. As expected, temperatures lower than the recommended sterilization conditions had no influence on the PK resistance of the infectious agent.
For the high-pressure experiments, samples of crude brain homogenate containing PrP Sc were submitted to increasing pressure at 60 u C. After treatment, the hamster brain samples were incubated with (+) or without (2) PK to determine the effect of pressure on the resistance to proteolytic digestion. Immunoblots of samples pressurized at 100 and 200 MPa (Fig. 1) revealed that the PrP Sc was resistant to proteolytic digestion, since typical bands of between 20 and 32 kDa were detected. Low pressures (up to 200 MPa) are able to induce protein aggregation/ disaggregation (Randolph et al., 2002) and effects on disaggregation of amyloidogenic fibrils might be expected at such pressure levels. However, such effects are frequently reversible.
In contrast, no PrP-specific proteins could be identified after PK treatment following pressure conditions over 500 MPa, indicating that the hamster prion protein was efficiently digested with PK (Fig. 1) . These results may be explained by the shape of typical pressure-stability contours of proteins. They show that at certain pressure/temperature levels (usually over 500 MPa), proteins undergo changes in their tertiary structure, affecting functionality. If the pressure is high enough, proteins denature (Mozhaev et al., 1996) .
If only samples containing PK-resistant prions are considered pathological, the samples pressurized at or above 500 MPa should have lost potential infectivity. To test this, infectivity bioassays were performed in hamsters by intracerebral inoculation of the treated homogenates. Typically, signs of scrapie become prominent 70-90 days after hamster inoculation. Animals in this experiment were observed for up to 180 days. Data obtained are presented in Table 1 . Untreated crude brain hamster homogenates and those treated at 60 uC and/or 100/200 MPa led to terminal TSE disease in all of the hamsters after 79-90 days. There were no significant differences in infection among these hamsters, suggesting a negligible inactivation rate under these conditions. In contrast to the results at low pressures, the typical incubation time was considerably increased after inoculation of homogenates treated at higher pressures. Disease was transmitted to all hamsters after treatment at 500 MPa and 60 u C, but only after a mean incubation period of 153 days (Table 1) were also delayed after pressurization at 700-1000 MPa, with a mean incubation time between 114 and 147 days. Shortly after the onset of disease, symptomatic hamsters were killed. Immunoblots with antibody 3F4 showed that their brain homogenates (10 %, w/v) contained the characteristic bands resistant to digestion with PK (Fig. 2) . Remarkably, 47 % of the hamsters infected with homogenates that had been pressurised above 500 MPa survived for more than 180 days (see Table 1 ).
In conclusion, a relative agreement was observed between the immunoblots performed with the antibody 3F4 and the in vivo infectivity of the samples. After pressure treatments over 500 MPa, hamster PrP Sc was not detected on immunoblots. However, some pressure-resistant infectious agent must still have been present since residual infectivity was observed in several samples that had been treated at higher pressures, albeit after a significant delay. Pressure is known to act selectively on protein fractions, a topic frequently discussed in literature dealing with pressure-induced enzyme inactivation (Heremans & Smeller, 1998) .
There are several publications on the effects of pressure (from 50 to 1200 MPa) on the protein folding of several amyloid-forming proteins, such as lysozyme (Akasaka et al., 1997) , transthyretin (Ferrao-Gonzales et al., 2000) and amyloid A (Dubois et al., 1999) , but little is known about pressure-induced prion unfolding. Kuwata et al. (2002) identified a metastable transitional conformer of PrP C using two-dimensional nuclear magnetic resonance measurements under variable pressure (up to 250 MPa). Additionally, the relative pressure sensitivity of the cellular form of the hamster prion protein has been reported by Torrent et al. (2003) , but the possible infectivity of the pressure-induced intermediate states was not assayed. Pressure has also been reported to induce the aggregation of transthyretin, converting the native protein into a tetrameric, amyloidogenic state. However, Zhou et al. (2001) found that only the combination of pressure with a denaturing agent (guanidinium hydrochloride) was able to induce an irreversible unfolding in the structure of the yeast prion protein Ure2, a similar phenomenon to that observed in the case of lysozyme. Pressure alone was inefficient, at least up to 600 MPa. Although the His-tagged Ure2 used for these experiments had amyloid-forming ability in vitro, the results disagreed with the irreversible effects on PrP Sc structure shown in this work.
We are aware of only one paper dealing with the effect of pressure on infectious prions. Brown et al. (2003) reported a *Disease transmission to hamsters after intracerebral inoculation of 2 mg of scrapie-infected brain tissue after heating and/or exposure to high hydrostatic pressure for 120 min. The results show the number of hamsters that died after intracerebral inoculation/total number of hamsters infected at each treatment. DMean incubation time±SD of hamsters showing symptoms of scrapie after intracerebral inoculation of 2 mg of scrapie-infected brain tissue after heating and/or exposure to high hydrostatic pressure at 60 uC for 120 min. Hamsters presenting no symptoms survived for more than 180 days. dMissing SD due to reduced set of data. method based on the ultra-high pressure-assisted thermal sterilization of infectious hamster proteins. Within the proposed technique, initial temperatures were shifted up to 135-142 u C due to adiabatic heating: ten 1 min cycles were as effective as 5 min of steam sterilization, an effect that could not be attributed to pressure. The irreversible effects related here are most likely due to changes in weak inter-or intramolecular interactions, since pressure is not able to break covalent bonds. These would first affect the stability of the cross-b structure of amyloids, increasing sensitivity to digestion with PK. Similar effects have been reported by Riesner et al. (1996) , where SDS caused the disruption of prion rods, generating particles containing a-helices lacking infectivity. However, the experimental data mostly sustain the idea of an extraordinary pressure resistance of secondary structures based on b-sheets. For instance, only very high pressures (1200 MPa) caused the dissociation of aggregated amyloid A into a-helical and unordered structures and a decrease in b-sheet content; this process was nevertheless reversible after decompression (Dubois et al., 1999) . If, as assumed, the resistance of PrP Sc to proteolytic digestion was based on the b-structure and the quaternary disposition, the remarkable efficiency of pressures above 500 MPa at only 60 u C in increasing the sensitivity of the hamster prion protein to PK is difficult to explain following the existing views about the limited potential of pressure to induce conformational changes in b-sheets. Thus, our results argue for the hypothesis of a supplementary factor (postulated by Telling et al., 1995) present in the tissue modulating prion propagation and stability: the hypothesized macromolecule, or its binding site to prion proteins, might be highly pressure sensitive.
Controls
High hydrostatic pressure appears to be a promising treatment for producing safe products at temperatures below the sterilization parameters, e.g. baby food, by gentle inactivation of potentially present PrP Sc -positive materials. Furthermore, we expect this technology to help understand certain principles of protein misfolding, in particular the behaviour of amyloidogenic fibrils and the development of amyloidoses: the results presented here on the effects of relatively low pressures combined with mild temperatures on the structure of PrP Sc -infected brain materials and the decreased infectivity of pressurised materials in vivo are encouraging. Further results obtained with bioassays using extensive dose-response curves will be addressed in forthcoming papers, as well as other aspects, to determine the effects of the pressure rise/pressure release or the pressurization kinetics on the sensitivity of PrP Sc materials.
